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a b s t r a c t
The Caenorhabditis elegans uterine seam cell (utse) is an H-shaped syncytium that connects the uterus to
the body wall. Comprising nine nuclei that move outward in a bidirectional manner, this synctium
undergoes remarkable shape change during development. Using cell ablation experiments, we show that
three surrounding cell types affect utse development: the uterine toroids, the anchor cell and the sex
myoblasts. The presence of the anchor cell (AC) nucleus within the utse is necessary for proper utse
development and AC invasion genes fos-1, cdh-3, him-4, egl-43, zmp-1 and mig-10 promote utse cell
outgrowth. Two types of uterine lumen epithelial cells, uterine toroid 1 (ut1) and uterine toroid 2 (ut2),
mediate proper utse outgrowth and we show roles in utse development for two genes expressed in the
uterine toroids: the RASEF ortholog rsef-1 and Trio/unc-73. The SM expressed gene unc-53/NAV regulates
utse cell shape; ablation of sex myoblasts (SMs), which generate uterine and vulval muscles, cause
defects in utse morphology. Our results clarify the nature of the interactions that exist between utse and
surrounding tissue, identify new roles for genes involved in cell outgrowth, and present the utse as a
new model system for understanding cell shape change and, putatively, diseases associated with cell
shape change.
& 2014 Published by Elsevier Inc.
Introduction
Understanding the mechanisms necessary for one cell's behavior
can shed light on the genetic inputs necessary for organogenesis.
Many growing cells reorganize their cytoskeletons and respond to
attractive and repulsive cues to reach their ﬁnal developmental
destinations, promoting tissue development, as seen with cells in
the vertebrate neural crest, the Drosophila caudal visceral mesoderm,
and neural growth cones (Hall, 2009; Le Douarin and Kalcheim, 1999;
Theveneau and Mayor, 2012; Bronner and LeDouarin, 2011; Kadam
et al., 2012; Vitriol and Zheng, 2012; Cajal and Ramón, 1890; Gomez
and Zheng, 2006). C. elegans is a useful model for understanding these
types of cell behavior. For instance, the TLX/tailless ortholog nhr-67
controls C. elegans male gonad linker cell migration (Kato and
Sternberg, 2009), and is well characterized in the developing Droso-
phila nervous system (Pignoni et al., 1990), and in mouse neural stem
cell generation (Zhang et al., 2008). Netrin/UNC-6 and its receptor,
UNC-40 were also discovered in C. elegans (Hedgecock et al., 1987,
1990; Ishii et al., 1992) and are key attractive and repulsive cues
necessary for growth cone outgrowth. Therefore, characterizing the
cell biology of C. elegans tissues has had broader implications in
understanding mechanisms of other organism's development.
The Caenorhabditis elegans uterine seam cell (utse) is a syncy-
tium that undergoes a striking outgrowth and nuclear migration
during its development. Given the power of genetics in C. elegans,
we thought that the utse offered an excellent system to study
novel molecular mechanisms involved in cell outgrowth, cell
shape change and syncytial cell biology.
Studying cell outgrowth and shape change provides valuable
insights for a variety of systems. Aside from its role in growth cone
migration and metastatic cancers, cell outgrowth and cell shape
change are also involved in wound healing, through the recruit-
ment of keratinocytes that extend lamellipodia towards the
wound site (Martin and Leibovich, 2005; Grinnell, 1992; Martin,
1997), as well during TGF-β signaling driven transformation
of ﬁbroblast cells to myoﬁbroblasts (which form cytoplasmic
ﬁlamentious apparatuses cells in the presence of the wound)
(Gabbiani 2003; Gabbiani et al., 1971).
The utse is a syncytium formed by the fusion of nine cells.
Several syncytiums exist in biology, including embryonic and adult
musculature, and vertebrate placenta (Biressi et al., 2007; Robertson
et al., 1990; Robertson et al., 1993; Cross, 2000). The fusion events
that contribute to the creation of these tissues have been well
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characterized, and thus studying the cell behavior of the utse can
contribute to understanding the morphogenetic movements that
these syncytiums undertake. For instance, after fusion of post-
mitotic precursor cells that make up the syncytial layer of the
placenta, the syncytioblast, this syncytial layer expands and ﬂattens
to form a layer of tissue between the mother and fetus (Cross,
2000). Genetic inputs that control this behavior are not character-
ized and the utse can act as a model to study syncytial movement.
Furthermore, abnormal placental formation can result in a slew of
diseases, including preeclampsia, and therefore information con-
tributing to syncytium regulation can prove vital.
The utse is also a heterokaryon, since it results from the fusion
of two cell types, uterine υ cells (deﬁned below) and the anchor
cell. Investigating utse cell biology can contribute to our under-
standing of heterokaryons, which occur broadly in biology. Some
examples include their presence in fungi, such as in Schizophyllum
commune where genes from two types of nuclei (SC3/SC4) come
together to interact with one another transcriptionally (Schuurs
et al., 1998); their involvement in cell reprogramming (the fusion
of embryonic stem cells with somatic cells induces pluripotency)
(Tada et al., 2001); their promotion of tumor proliferation
(through fusion of tumor cells with non-tumorigenic cells)
(Berndt et al., 2013); and their association with multiple sclerosis
(fusion of bone marrow cells and cerebellar Purkinje cells in brain
tissue of patients with multiple sclerosis) (Kemp et al., 2012).
Due to the unique characteristics of the utse being both a
syncytium and a heterokaryon, and because its mechanisms for
outgrowth are predominantly uncharacterized, we chose to study
the molecular inputs involved in utse development. Speciﬁcally,
we sought to determine which surrounding uterine cells play a
role in utse development. Using laser ablation we identiﬁed four
cell types involved in utse development: the anchor cell (AC),
uterine toroid 1 (ut1), uterine toroid 2 (ut2), and the sex myoblasts
(SMs). We show that genes involved in AC invasion have an
additional role promoting utse cell outgrowth. ut1 and ut2 are
epithelial cells that are part of the uterine lumen, and through a
candidate RNAi based screen on genes expressed in these cells, we
identiﬁed two genes that play roles in utse development: RASEF/
rsef-1 and Trio/unc-73. The SMs form the uterine and vulval
muscles that laterally ﬂank the utse, and we show roles for the
SM localized gene, unc-53/NAV in utse outgrowth. These results
identify both external and internal cues necessary for utse devel-
opment and characterize genes that are candidates for the pro-
duction of these cues.
Materials and methods
Strains and genetics
C. eleganswere handled as described previously (Brenner, 1974).
All strains used (listed in supplementary material Table S1) are
derivatives of C. elegans wild-type strain (N2 Bristol).
RNAi experiments
RNAi was performed by feeding nematodes dsRNA-producing
bacteria using standard procedures (Timmons et al., 2001) mod-
iﬁed as follows. Overnight starter cultures were grown with 1 ml
LB supplemented with 25 mg/ml carbenicillin and 12.5 mg/ml
tetracycline inoculated with a bacterial colony containing a plas-
mid producing dsRNA targeting a gene of interest. Starter cultures
were diluted 1:80 the next day, using 100 ul of starter culture in
8 ml LB containing 25 ug/ml carbenicillin. Cultures were grown
between 6 and 8 h to OD6000.5. 6 cm Petri plates containing
NGM agar that had been dried for at least three days at room
temperature were prepared by using sterile glass beads to spread
50 ml of 25 mM carbenicillin, and 1 mM IPTG in M9 on each plate.
RNAi cultures were then transferred to 1.5 ml microcentrifuge
tubes (1 tube/plate) and then spun at 5000 rpm for 5 min. The
majority of the supernatant was removed leaving about 50 μl of
liquid plus bacterial pellet. Pellets were then resuspended in this
solution, and then spread using sterile glass beads on the NGM
agarþcarbenicillinþ IPTG Petri plates described in the preceding
step. Plates were grown at room temperature overnight, and, if not
used immediately, were stored at 4 1C for no more than a week. On
the day of the experiment, plates were pipetted with 50 ml of a 1:5
solution of 1 M IPTG:M9. Plates were then dried for 10 min near a
Bunsen burner. Eggs were bleached onto RNAi plates and allowed
to hatch and develop. Phenotypes were scored at the L4 lethargus
stage. For RNAis used see Table S2.
Scoring utse phenotypes
Animals were scored using a wide-ﬁeld epiﬂuorescence micro-
scope at young adult or L4 lethargus stage. Wild-type utse cell
body length is between 300 and 400 μm, and distance between
wild-type nuclei is between 250 and 350 μm. Animals were
classiﬁed as abnormal if both the utse cell body and nuclear
distance were 50 μm greater or less than that of the wild type
range (i.e. an animal was still classiﬁed as abnormal if its cell body
was within the wild-type range but its nuclear distance was not.)
All abnormal animals in this publication ﬁt within this criteria and
some exhibit other defects, such as missing arms, abnormal shape,
or holes in portions of the cytoplasm.
Transgenics
To make the exc-9::mcherry construct, 20 ng/μl of exc-9::mcherry
plasmid (pBK162, exc-9::mcherry gateway plasmid, from M. Buechner,
WBperson81) was injected into unc-119(ed4) with an unc-119 rescue
construct.
Ablations
Cell ablation experiments were performed as described
(Bargmann and Avery, 1995). Dorsal uterine cells and uterine
toroid cells were ablated at late L3; see Fig. 2B-B''' and Fig. 3A.
Anchor cells were ablated at early L4; see Figs. 2D–D″0 and Fig. 4A.
Sex myoblasts were ablated at L1, see Fig. 9 P,S,T. All ablated
worms were scored between late L4 and L4 lethargus.
Results
Wild-type C. elegans utse behavior
The hermaphrodite uterus is composed of several different cell
types (Fig. 1A). The uterus lies dorsal to the vulva, and is derived
from the dorsal uterine (DU) and ventral uterine (VU) cell lineages
(Fig. S1A; Kimble and Hirsh, 1979; Newman et al., 1996). The DU
and VU lineages generate several different cell types, such as the
dorsal uterine cell (du), which makes up the dorsal most portion of
the uterus; uterine toroid (ut) cells, which line the uterine lumen;
and the uterine-vulva (uv) cells, which connect the uterus to the
vulva (Figs. 1A and F, 3A and 4A).
The utse attaches the uterus laterally to the body wall via the
seam cells (Fig. 1A). The utse in C. elegans mid L4 hermaphrodite is
shown in Fig. 1B. utse nuclei are marked with egl-13::gfp, which
marks the υ cells (see below for deﬁnition), and cdh-3::PH::
mcherry, which uses the phospholipase-C plekstrin-homology
(PH) domain fused to mCherry to direct expression in the utse
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cell body/plasma membrane (Fig. 1D and E; Ihara et al., 2011). At
mid L4 (Fig. 1B–E) the utse is undergoing both cell outgrowth and
nuclear migration and it will reach its ﬁnal shape at L4 lethargus
(Figs. 10–1R). The ventral view of the utse (Fig. 1F) highlights its
H-shaped form, with the middle of the H lying above the vulval
opening, and the two sides mediating a connection between the
seam cells of the body wall and ut2 (Fig. 1F–J).
At late L3 stage, six of the VU granddaughter cells are induced via
LAG-2-LIN-12 Notch-Delta signaling from the AC to become π cells
(Fig. S1B and C; Newman et al., 1995). After these six π cells are
Key
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spermathecal-uterine valve
 utse development during L4
cdh-3:: mcherry; egl-13::gfp cdh-3:: mcherry  egl-13::gfp mid L4
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early L4 egl-13::gfp cdh-3::mcherry egl-13::gfp;cdh-3::mcherry
L4 lethargus egl-13::gfp cdh-3::mcherry egl-13::gfp;cdh-3::mcherry
Lateral view of utse
Ventral view of utse
Fig. 1. Wild-type utse development (A) Lateral schematic of a mid L4 uterus. (B-E) utse development at mid L4. (B) mid L4 somatic gonad; utse is shown underneath red
asterisk. (C) υ cell nuclei (hereafter referred to as utse nuclei) shownwith egl-13::gfp. D) utse cell body marked with cdh-3::mcherry. (E) merge of C-D. (F) Ventral schematic
of L4 lethargus uterus. (G-J) Ventral view of young adult uterus. (G) young adult somatic gonad. (H) utse nuclei (υ cell nuclei) marked with lin-11::gfp. (I) cell body marked
with exc-9::mcherry. (J) merge of H-I. (K-R) utse nuclei marked with egl-13::gfp and cell body marked with exc-9::mcherry. (K-N) utse development at early L4, here nuclei
(L,N) are clustered together and the cell body (M,N) has an ellipsoid shape. (O-R) utse development at L4 lethargus (O), here the cell body (Q,R) has elongated in an anterior-
posterior manner and nuclei (P,R) have migrated to distal tips of utse. Scale bar, 100 μm.
S. Ghosh, P.W. Sternberg / Developmental Biology 396 (2014) 121–135 123
induced, they divide to make 12 π-progeny cells (Fig. S1C and D;
Newman et al., 1996). Four of these 12 π-progeny cells become uv1
cells via EGF signaling (Fig. S1E; Chang et al., 1999) from the vulval
vulF cells; the remaining eight will later fuse with one another and
thenwith the AC to form the syncytial cell body of the utse by the mid
fourth larval (L4) stage via the fusogen AFF-1 (Fig. S1F; Figs. 1K–N;
Sapir et al., 2007). Wewill henceforth refer to the eight π-progeny cells
that do not become uv1 and form the utse nuclei as υ (upsilon) cells.
During early L4, as visualized in Fig. 2B–B″0, the AC induces surround-
ing π cells but has not yet fused with these cells (since cdh-3::PH::
mcherry expression is limited to the AC), and later in L4, as seen in
Fig. 2C0-C″0, the AC has fused with the π-progeny cells, the υ cells
(cdh-3::PH::mcherry has spread throughout the entire utse cell body).
Over the next eight hours the utse cell body grows bi-directionally
along the anterior-posterior axis, and the utse nuclei segregate into
two groups (Fig. 2F″–F″0), migrate along the anterior posterior axis, and
settle at the anterior/posterior edges of the utse cell body (Fig. 2H–H″0;
Newman et al., 1996). The utse cell body extends ahead of its nuclei
during development (Fig. 2E″0) indicating that separate mechanisms
may be controlling these two behaviors; however, we observe defects
in cell morphology associated with aberrant nuclear positioning
(Fig. 3). Therefore, both aberrations in nuclear migration and cell
outgrowth were used to characterize defective utse development (see
Materials and Methods for speciﬁc criteria for scoring phenotypes).
Two genes have been previously characterized for their roles in
proper utse cell elongation and nuclear migration: the LIM domain
transcription factor lin-11 and the SOX domain transcription factor
egl-13 (Newman et al., 1999; Hanna-Rose and Han, 1999; Cinar
et al. 2003). Both lin-11 and egl-13 are involved in AC fusion with
the utse, as well as induction of π cell fate, and their role in utse
cell outgrowth/nuclear migration has been attributed to these
behaviors. We wished to better understand the role of the AC in
utse development, as well as identify cues from surrounding
uterine cells acting on the utse.
Surrounding uterine cells have an effect on utse development
We hypothesized that interactions between the utse and its
surrounding tissues would be necessary for proper utse develop-
ment. To this end, we ablated surrounding uterine cells and
observed subsequent effects on utse development (Fig. 3A). utse
development was assessed by examining υ cell nuclei marked
with nuclear-localized GFP driven by an egl-13 promoter, and by
examining utse cell bodies marked by exc-9::gfp translational
fusion reporter. (Fig. 3B–I; Wendy Hanna-Rose personal commu-
nication, Tong and Buechner, 2008).
Without the presence of egl-38-dependent EGF signal neces-
sary for uv1 cell fate, presumptive uv1 cells take on υ cells
identities and fuse with the naturally occurring υ cells to form a
wild-type utse with extra nuclei (Chamberlin et al., 1997). cog-3/
pnc-1 mutants lack the EGF signal necessary for uv1 fate and do
not form uv1 cells, and these mutants show no defects in utse cell
fate speciﬁcation or morphology (Huang and Hanna-Rose, 2006).
We therefore infer that uv1 cells do not affect utse development
and chose not to ablate these cells.
We hypothesized that the du cell could potentially be pushing
downward on the utse, causing it to stretch outward. However, du
ablation had no effect on utse cell behavior (0%, n¼26). Next, we
tested the effect of the surrounding uterine toroid cells on utse
development by ablating each set of uterine toroid cells. Cell ablations
were performed at early L4 stage. At this stage the four nuclei found
within each toroid cell were easily visualized, lumen formation had
not occurred (uterine toroid lumen formation occurs at mid L4), and
utse development had not commenced (Figs. 2B–B″0, 3A, Newman
et al., 1996). Fig. 3A shows the progression of ut1 ablation. Animals
were scored at L4 lethargus, approximately 6–8 h after ablation. Mock
ablations with exposure to anesthetic used (3 mM levamisole) had no
effect on utse development (0% defect, n¼10; Table 1; Fig. 3B and C).
Ablations of uterine toroid 1 (ut1) or uterine toroid 2 (ut2) caused
defects in utse development (Fig. 3D–G, Table 1). 88% of ut1-ablated
worms (n¼26) showed defects in nuclear migration (compare Fig. 3D
to B) and had utse cell bodies that were both shorter than wild type
and missing portions (compare Fig. 3E to C). ut2 is the second most
proximal toroid cell to the utse, and is the last toroid cell with which
the utse makes contact (Newman et al., 1996). 91% of ut2 ablated
worms showed defects (n¼12, Table 1) including reduced distance
between utse nuclei in ut2 ablated worms (compare Fig. 3F to B), and
a shorter cell bodies containing missing portions and vacuoles
(compare Fig. 3G to C). Ablation of the next most distal ut cell, ut3,
which has no direct contact with the utse, caused no defects in
nuclear migration or cell outgrowth (Compare Fig. 3H I to B and C).
We conclude that ut1 and ut2 are involved in utse development.
Internal signals involved in utse development
Since the AC fuses with the utse during early L4 (Fig. 2C–C″0; Sapir
et al., 2007) we asked if transcription within the AC-derived nucleus
was necessary for utse development. We performed the cell ablations
after mid L4, the stage at which the AC had already induced π cells,
fused with the υ cell nuclei, and its nucleus could be easily identiﬁed
due to its position in a unique plane of focus relative to other nuclei in
the worm (Figs. 2D–D″0, Fig. 4A; Félix and Sternberg, 1996). This
timing of the ablation avoided any secondary effects that could have
resulted from earlier ablations of the AC. AC nuclear ablation caused
defects in utse development (86% abnormal, n¼23). utse nuclei were
clustered together in AC nuclear ablated worms (compare Figs. 3B
to 4B) and utse cell bodies were short and deformed (compare Figs. 3C
to 4C). As a control, we ablated υ cell nuclei to determine if defects
were AC nuclei speciﬁc or a result of ablating any nucleus in the utse.
Ablation of υ cell nuclei resulted in wid-type phenotypes (0% defects,
n¼6; Table 1). Since we speciﬁcally ablated the AC nucleus after
fusion, we also eliminated the possibility that the AC cytoplasm was
contributing to utse outgrowth. The ﬁnding that the AC nucleus is
necessary for utse development suggests that transcription factors
expressed in the nucleus are required, as addressed below.
AC fusion is necessary for utse development
To verify if the AC was necessary for utse development, we
observed utse development in the absence of AC-utse fusion.
During early L4, the AC fuses with the utse via the fusogen aff-1
(Sapir et al., 2007). aff-1(RNAi) treatment resulted in a clear
failure of AC fusion as assayed by the cdh-3::PH::mcherry; egl-13::
gfp marker initially expressed in the AC (Fig. 5A–C; Table 2) and
defective utse cell outgrowth, as assayed by exc-9::gfp (Fig. 5D).
Even though there is no AC fusion in these worms, the υ cell
nuclei still migrated outward, albeit at a distance shorter than of
wild type (Fig. 5C).
To rule out that these defects result from global issues in cell
fusion, we examined the function of eff-,1, which is involved in
heterologous fusion events in C. elegans (Podbilewicz et al., 2006).
Worms treated with eff-1(RNAi) showed a small but statistically
signiﬁcant defect in utse nuclear migration (11%, n¼43, P-value
0.0087; Table 2E) and no defects in utse cell outgrowth (0%, n¼7;
Table 2E).
AC invasion genes act during L4 to affect utse development
During late L3, the AC forms protrusions that span the basement
membrane between the uterus and the vulva to invade the vulval
epithelium (Sherwood and Sternberg, 2003). Because the AC changes
its shape during protrusion formation, we hypothesized that genes
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cdh-3:: mcherry egl-13::gfp egl-13::gfp;cdh-3::mcherryL3   
early L4  
mid L4  
L4 lethargus
young adult
Fig. 2. utse development from L3 to young adult Sections (A) through (I) are in chronological order from earliest (L3) to latest (young adult). Each section includes a
Nomarski image, expression of the cdh-3::mCherry marker in the cytoplasm of the AC and later the utse, expression of the egl-13::gfp marker in the nuclei of the υ cells and
later the utse cell; and a merge of mCherry and gfp expression. Nuclei are marked with egl-13::gfp and cell body is marked with cdh-3::mcherry. 10 worms were scored for
each stage, and most representative image is shown. (A-A”’) L3, AC invasion, pi cells have not been speciﬁed. (B-B”’) early L4, pi cells are speciﬁed by the anchor cell. (C-C”’)
fusion between υ cell nuclei an anchor cell. (D-D”’) mid L4, cell body outgrowth has commenced, nuclei are rearranging and begun migrating slightly. (E-G”’) cell body
outgrowth and continues, with outgrowth occurring at a faster rate than nuclear migration. (H-H”’) L4 lethargus, nuclear migration and cell outgrowth has completed, and
the utse has taken its ﬁnal shape. (I-I”’) Young adult, utse cell body will maintain this shape until egg-laying occurs. Scale bar, 100 μm.
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involved in this process can also contribute to utse cell shape change.
During AC invasion, the c-fos transcription factor ortholog fos-1
promotes expression the zinc metalloprotease zmp-1, the protocad-
herin cdh-3, the zinc ﬁnger protein egl-43, the hemicentin extracellular
matrix protein gene him-4, and lamillopodin/mig-10; the activities of
these genes induce the AC to form ventrally directed protrusions that
breach the basement membrane (Fig. 6A; Sherwood et al., 2005;
Hwang et al. 2007; Wang et al., 2014). RNAi against the AC invasion
genes resulted in defects in utse development (Table 2E; Fig. 6B–D;
F–H; J –L; N–P; R–T; V–X), supporting our hypothesis that genes
involved in AC protrusion formation also affect utse development.
Each of these genes are expressed within the AC during invasion
(Sherwood et al., 2005; Hwang et al. 2007; Wang et al., 2014). Since
the AC nucleus is necessary for utse development, we asked if these
genes were transcriptionally active throughout L4 and were present
in the utse. We observed that transgene reporters for fos-1, egl-43,
zmp-1, cdh-3 and mig-10 were all expressed in the utse at L4
lethargus or young adult (Figs. 6E, I, M, U and Y) consistent with a
role in utse development. mig-10 is also expressed in uterine toroids
in L4 (Fig. 6Y), and could be acting on the utse via signals from the
uterine toroids, or internally like the other invasion genes. him-4
encodes the extracellular matrix protein hemicentin, which assem-
bles into polymers at areas of cell contact to help mediate the
connection between the uterus and the hypodermis (Newman et al.,
1995; Vogel et al., 2006). As it is necessary for mediating cell-cell
interactions, and is expressed ventral to the utse (Fig. 6Q) it is not
surprising that lack of hemicentin in him-4(RNAi) also results in utse
defects even though him-4 is not expressed in the utse (Fig. 6Q).
fos-1(RNAi) and egl-43(RNAi) treated worms showed severe
defects not only in utse development but in somatic gonad
development (data not shown). This effect was partially due to
their involvement in π cell induction (Oommen and Newman,
2007; Rimann and Hajnal, 2007), which made nuclear migration
difﬁcult to score. The majority of fos-1(RNAi) and egl-43(RNAi)
treated worms did not form π or υ cells (Table 2E) but those
shown in Fig. 6 and Table 2E were animals in which π and
subsequently υ cell induction occurred. Both fos-1 and egl-43 are
expressed in the utse at late L4 and young adult stages, indicating
that they likely also act in the utse, and defective phenotypes from
RNAi treatment against these genes is not wholly due to lack of π
cell production.
Due to the presence of utse defects upon knockdown of AC
invasion genes, as well expression of the invasion genes within
and surrounding the utse cell body, we believe to have discovered
a new role for the AC in uterine development.
Molecular signals from ut1 and ut2 affect utse development
After determining that the uterine toroid cells (speciﬁcally ut1 and
ut2) play a role in utse development we examined underlying genetic
requirements. To this end, we generated a list of 37 genes expressed
in the uterine toroids through aWormBase expression pattern search.
We performed RNAi against these candidates and screened for defects
in utse development (see Table 2A). Defects resulting from these
vulva
spermatheca uterine junction
proximal 
spermatheca
distal spermatheca
du
ut1 
ut2
ut3
ut4
anchor cell
cells
WT mock ablation , egl-13::gfp WT mock ablation, exc-9::gfp
ut2 ablated, egl-13::gfp ut2 ablated, exc-9::gfp
ut1 ablated, exc-9::gfput1 ablated, egl-13::gfp
ut3 ablated, egl-13::gfp ut3 ablated, exc-9::gfp
*
* *
 Uterine toroid ablations (scored at L4 lethargus) 
Uterine toroids ablated at early L4 
Fig. 3. Uterine toroid ablations. (A) schematic of early L4 uterus. Lightning bolt indicates ablation of ut1 and borderless cells indicate cell death. (B) completed nuclear
migration in mock ablation worm (nuclei marked with egl-13::gfp). (C) completed utse cell outgrowth in mock ablated worm (cell body marked with exc-9::gfp). (D-E) ut1
ablated worms. (D) shorter nuclear migration. (E) short and perforated cell body. (F-G) ut2 ablated worms. (F) shorter nuclear migration. (G) short and perforated cell body
(see asterisks). (H-I) ut3 ablated worms (H) nuclei distance in ut3 ablated worms is comparable to wild-type, C. (I) utse cell body in ut3 ablated worm looks similar to wild-
type, E. Scale bar, 100 μm.
Table 1
Uterine cell ablations.
Genotype % Defect n P-value
mock ablation 0 10
du ablated 0 26
ut1 ablated(nuclear) 84.6 13 o0.0001
ut1 ablated (cell membrane) 92.3 13 o0.0001
ut1 ablated (total) 88.5 26 o0.0001
ut2 ablated(nuclear) 85.7 7 o0.0001
ut2 ablated (cell membrane) 100 5 o0.0001
ut2 ablated (total) 91.67 12 o0.0001
ut3 ablated(nuclear) 0 7
ut3 ablated (cell membrane) 0 4
ut3 ablated (total) 0 11
Anchor cell ablated (nuclear) 83.3 18 o0.0001
Anchor cell ablated (cell membrane) 100 5 o0.0001
Anchor cell ablated (total) 86.9 23 o0.0001
Sex Myoblasts 90 10 o0.0001
υ cell nuclei 0 6
Uterine toroid 1, uterine toroid 2, anchor cell and sex myoblasts are necessary for
utse development. All phenotypes were scored at L4 lethargus or young adult.
P-values were were calculated in comparison with wild type cdh-3::mcherry;
egl-13::worms using Fisher’s exact test.
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genes would be signiﬁcant since their expression (and potentially site
of action) in the uterine toroids would bolster our ﬁnding that the
presence of the uterine toroids affect utse development.
Of the 37 genes, 7 exhibited extremely signiﬁcant defects in
utse development (Table 2A): helicase dog-1, the serine carbox-
ypeptidase F41C3.5, the phosphatase gsp-1, the EGF vulval induc-
tion gene lin-3, the cell fusion annexin nex-1, the divergent Rab
GTPase RASEF/rsef-1 (formerly known as tag-312), and the GNEF
(guanine nucleotide exchange factor) Trio-like protein unc-73
(Youds et al., 2007; Saleh et al., 2006; Hristova et al., 2005;
Rutledge et al., 2002; Hill and Sternberg, 1992, 2004; Satoh et al.,
2000; Daigle and Creutz, 1999; Shaye and Greenwald, 2011;
Schmidt et al., 2009; Stringham et al., 2002; Wu et al., 2002).
We focused on two of these genes: rsef-1, due to its uncharacter-
ized nature, and unc-73, due to the high frequency and severity of
utse defects from RNAi knockdown of this gene (Fig. 9A–F).
rsef-1 is the C. elegans ortholog of RASEF (Wormbase website,
2014), a potent tumor suppressor and lung cancer biomarker
(Oshita et al., 2013). It is necessary for PLM axon growth and is a
known C. elegans spermatheca and spermatheca-uterine junction
(sujn) marker (Chen et al., 2011). Exposure to rsef-1(RNAi) caused
defects both in utse nuclear migration (Fig. 7E) as well as cell
outgrowth (Fig. 7F). rsef-1(RNAi) also caused problems in uterine
lumen formation (Fig. 7D), suggesting that the site of action is
in the uterine toroids. To examine rsef-1 expression we used a
transcriptional fusion of rsef-1 (Mounsey et al., 2002). Expression
is absent during early and mid L4 stages, but is present both in the
spermatheca and spermathecal-uterine junction at L4 lethargus
(Fig. 7G), and in the uterine toroids at young adult stage (Fig. 7H
and J). We observed phenotypic consequences of rsef-1 silencing in
the utse/uterine toroids prior to detecting expression of the rsef-1::
gfp reporter, so we are likely missing some component of its
expression.
Rab GTPases affect utse development
rsef-1 is largely uncharacterized and its upstream and down-
stream effectors are unknown. Using software that computation-
ally predicts interactions between genes (geneorienteer.org;
Zhong and Sternberg, 2006), we performed an RNAi screen against
14 of the top 15 predicted rsef-1 interactors (Table 2B). (RNAi
against Y69H2.2 resulted in an absence of UTSE nuclei, data not
shown.) RNAi treatment against three genes caused defects in utse
development: the transcription factor athp-1, and two Rab
GTPases, rab-1 and rab-11.1 (Fig. 8D - G, U- X). athp-1 has been
shown to affect nuclear migration potentially through the SUN/
KASH pathway (S.G., unpublished observations).
RNAi against rab-1 and rab-11.1 resulted in severe defects
(Fig. 8D–G, U–X). rab-1 is expressed in several cell types including
the uterine toroids (Fig. 8B). As rsef-1 encodes a Rab family protein,
we asked whether other Rab GTPases also affect utse develop-
ment. Strikingly, of 21 tested, six Rab GTPases showed defects in
utse development (Table 2C; Fig. 8D–X). These Rab GTPases are
involved in several parts of the cell trafﬁcking pathway including
vesicle trafﬁcking between the ER and the Golgi (rab-1, rab-6,
rab-10), transport to the early endosome (rab-5 and rab-10) and
transport from the early endosome to the recycling endosome
(rab-11.1) (Fig. 8C, Nishimura and Sasaki, 2008; Chen et al., 1993;
Martinez et al., 1994). Since Rab GTPases are expressed globally,
site of action experiments will be necessary to determine whether
these Rab proteins exert their effects on utse development by
acting in the toroids, the utse, elsewhere, or in multiple tissues.
unc-73 regulates the environment of utse
unc-73 encodes a Rho GNEF related to the mammalian Trio
protein (Steven et al., 1998), which regulates cell outgrowth, cell
Anchor Cell Ablations 
(scored at L4 lethargus) 
vulva
spermatheca
uterine toroids
du cell
utse cell body
cell nuclei
anchor cell
AC ablated, egl-13::gfp
AC  ablated, exc-9::gfp
 AC ablated at mid L4
Fig. 4. AC ablations (A) schematic of mid L4 uterus. Lightning bolt indicates the point at which AC nucleus was ablated. (B-C) images of worms with anchor cell ablated.
(B) nuclei are clustered together, migration has not occurred. (C) cell body has not undergone cell outgrowth. Scale bar, 100 μm.
aff-1(RNAI) exc-9::gfp aff-1(RNAi) egl-13::gfp aff-1(RNAi) cdh-3::mcherry
aff-1(RNAi) egl-13::gfp;cdh-
3::mcherry
Fig. 5. AC fusion and its role in utse development (A-C) utse cell body is marked with cdh-3::mcherry and utse nuclei are marked with egl-13::gfp. (A-D) aff-1(RNAi) treated
worms (A,C) shorter nuclear migration, cartoon in F and C indicate wild-type nuclear spacing. (B,C) AC has not fused with υ cells in aff-1 (RNAi) treated worms; however,
nuclear migration has continued, though at a shorter distance comparable to wild-type. (D) shorter utse cell body (marked with exc-9::gfp) upon treatment with aff-1(RNAi).
Scale bar, 100 μm.
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migration and cytoskeletal rearrangements (Seipel et al., 1999). We
observed that 82% of unc-73(RNAi) (n¼ 50) treated worms showed
defects such as a thick, truncated utse cell bodies (Fig. 9B and C)
and nuclei that failed to segregate into two groups and instead
were linearly arranged (Fig. 9A and C).
We next examined the expression pattern of unc-73 in the uterus
using existing unc-73 reporters. unc-73 exists in eight isoforms,
which are as follows: unc73a, unc-73b, unc-73c1, unc-73c2, unc-73f,
unc-73d1, unc-73d2 and unc-73e) (Steven et al., 2005). Of these
different isoforms, combinations of four were reported to be
expressed in the uterine epithelium at late L4 (unc-73a,b::gfp and
unc-73d::gfp) (Ziel et al., 2009). unc-73a,b::gfp was expressed in the
vulva at early L4 (speciﬁcally the vulE and vulF cells) and later in the
uterine toroid4/spermatheca-uterine junction at mid and late L4
(data not shown). The unc-73d::gfp construct is detectable in ut2 in
early L4 (Fig. 9D), ut1 and ut2 and the utse at mid L4 (Fig. 9E) and in
both the uterine toroids and the utse by L4 lethargus (Fig. 9F).
Though unc-73a,b::gfp and unc-73d::gfp are predominantly expressed
in the gonad, they are also expressed in other tissues, such as the
pharynx and certain neurons. This, combined with the fact that the
expression patterns of unc-73c and unc-73f have not been character-
ized, precludes a conclusion about its site of action.
We next identiﬁed genes downstream of unc-73 that affect utse
development. unc-73 encodes a guanine nucleotide exchange factor
required for activating Rho and Rac GTPases (Steven et al., 1998). The
N-terminal RhoGEF-1 domain activates the Rac family of GTPases
(Wu et al., 2002; Steven et al., 1998; Kubiseski et al., 2003) whereas
the C-terminal RhoGEF-2 domain activates the RhoGTPase rho-1
(Spencer et al., 2001). unc-73d, an isoform that contains the RhoGEF2
domain (Ziel et al., 2009) responsible for activating RHO-1 is
expressed in ut1, ut2 and the utse. We thus tested the C. elegans
ortholog of RHO-1, rho-1, and observed signiﬁcant defects in utse
development (94% defects cause defects rho-1(RNAi), n¼17,
Table 2
RNAis tested on utse.
Genotype % Defect N P-value
empty vector RNAi 0.97 103
A) genes expressed in the uterine toroids
C25A1.5 0 20 1
cdh-4 0 11 1
ceh-24 8 25 0.1
ckb-2 0 20 1
cog-1 9 11 0.18
dcar-1 14 7 0.12
dog-1 50 20 o0.0001
egl-36 0 10 1
F22G12.5 0 10 1
F33H2.3 0 10 1
F41C3.2 30 10 0.002
F41C3.5 37 46 o0.0001
gly-2 0 4 1
gsp-1 38.5 39 o0.0001
hex-2 0 21 1
homt-1 0 10 1
inx-11 0 24 1
inx-8 0 14 1
lin-3 37.5 24 o0.0001
mls-1 0 20 1
nck-1 0 10 1
nex-1 50 28 o0.0001
nhr-111 0 10 1
nhx-3 10.5 19 0.06
osm-9 15.4 13 0.03
pha-4 0 3 1
plc-3 0 10 1
rsef-1 66.7 18 o0.0001
sca-1 3.7 27 1
ser-2 21.4 14 0.01
tag-24 8.3 12 0.2
tdc-1 0 26 1
tyr-2 0 25 1
unc-73 82 50 o0.0001
unc-94 17.4 23 0.004
W01A11.1 12.5 8 0.14
Y45F10C.2 0 11 1
B) rsef-1 predicted interactors*
athp-1 40 20 o0.0001
cdc-42 0 20 1
ced-10 0 13 1
F33A8.4 5.9 17 0.26
F55G1.13 9.5 21 0.07
let-502 0 10 1
let-60 9.1 11 0.18
rab-1 53 17 o0.0001
rab-11.1 90.6 32 o0.0001
rap-1 5 20 0.3
rap-2 0 10 1
ras-1 0 9 1
spt-5 20 20 0.002
tag-336 0 9 1
C) RabGTPases
C56E6.2 (rab-6 homolog) 0 20 1
F11A5.3 (rab-2 homolog) 0 14 1
rab-1 52.9 17 o0.0001
rab-10 95.5 22 o0.0001
rab-11.1 90.6 32 o0.0001
rab-14 0 27 1
rab-19 0 9 1
rab-2 33.3 9 0.001
rab-21 0 15 1
rab-28 0 24 1
rab-30 0 2 1
rab-3 0 10 1
rab-33 0 10 1
rab-35 0 10 1
rab-37 0 13 1
rab-39 0 14 1
rab-5 70.8 24 o0.0001
rab-6.1 40 20 o0.0001
rab-6.2 68.2 22 o0.0001
Table 2 (continued )
Genotype % Defect N P-value
rab-7 28.6 7 0.01
rab-8 18.2 11 0.02
D) unc-73 and unc-53 downstream genes
cdc-42 0 20 1
ced-10 0 13 1
egl-15 79 19 o0.0001
mig-2 0 10 1
pkc-1 30 30 o0.0001
rho-1 94.1 17 o0.0001
sem-5 16 25 0.0051
unc-13 50 24 o0.0001
unc-53 73.1 52 o0.0001
unc-64 50 30 o0.0001
unc-71 25 8 0.01
E) genes involved in Anchor Cell fusion and invasion
aff-1 67.9 28 o0.0001
aff-1 cell fusion defective 100 11 o0.0001
cdh-3 38.5 26 o0.0001
eff-1 11.1 43 0.01
eff-1 cell outgrowth 0 7 1
egl-43 100 29nnn o0.0001
fos-1 100 15nn o0.0001
him-4 42.9 49 o0.0001
mig-10 86.7 15 o0.0001
zmp-1 62.5 24 o0.0001
ngenes in this section have Gene Orienteer scores that designate computational
interaction between rsef-1.
Phenotypes were scored at L4 lethargus. P-values were calculated in comparison to
empty vector (RNAi) using Fisher's exact test.
nn 38 additional worms were scored but had no pi cell nuclei.
nnn 52 additional worms were scored but had no pi cell nuclei.
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Table 2D.) let-502, a Rho-binding serine-threonine kinase, is a
downstream effector of rho-1, but does not have an effect on utse
development (0% defects, n¼10, see Table 2D); however, another
downstream effector of rho-1, unc-13, may play a role (50% unc-13
(RNAi) caused defects, n¼24; Table 2D) (Spencer et al., 2001;
McMullan et al., 2006). unc-13 is a target of diacyl glycerol (DAG)
signaling (Lackner et al., 1999), a pathway downstream of rho-1
necessary for vesicle release. One of unc-13's downstream effectors,
unc-64/syntaxin, also affected utse development (50% unc-64(RNAi)
caused defects, n¼30; Table 2D). Other members of the DAG path-
way, such as pkc-1, a serine-threonine kinase, too yield utse defects
(30% pkc-1(RNAi) caused defects, n¼30; Table 2D). (Note RNAi for
dgn-1/dystroglycan, another downstream effector, was unavailable
and therefore not tested.) These data suggest that UNC-73 acts on the
utse by activating RHO-1, which then activates UNC-13 and poten-
tially induces release of a chemoattractant through vesicle release via
the DAG pathway.
The unc-73 interactor, unc-53, affects utse development via the SMs
unc-73 acts together with unc-53/NAV and unc-71 promote
guidance of SMs (uterine and vulval muscle progenitor cells) in the
absence of the gonad (Branda and Stern, 2000; Chen et al., 1997;
Marcus-Gueret et al., 2012; Siddiqui, 1990; Wightman et al., 1997).
unc-53 is a cytoskeletal binding protein related to the mammalian
NAV1 protein (neuronal navigators) (Maes et al., 2002). RNAi
knockdown of unc-53 resulted in high frequency of defects (73%
of unc-53(RNAi) (n¼52) that were phenotypically similar to
defects caused by unc-73(RNAi) (Table 2D). Speciﬁcally, unc-53
(RNAi) treated animals exhibit a thick, truncated utse cell body
(Figs. 9H–I) and nuclei are linearly arranged (Figs. 9G, I). unc-71
(RNAi) had slight utse defects (25%, n¼8). Since unc-73(RNAi) and
unc-53(RNAi) exhibit stronger and more penetrant phenotypes, we
infer that these two genes work together in utse development.
unc-73 and unc-53 work together without unc-71 to direct poster-
ior outgrowth of the excretory canal, axonal guidance and out-
growth of PLM neurons, and growth cone guidance along the
ventral nerve cord (Marcus-Gueret et al., 2012; Siddiqui, 1990;
Wightman et al., 1997).
We determined the unc-53 expression pattern using a reporter
containing its full length promoter (pABunc-53::gfp; Stringham et al.,
2002). Expressionwas present in the sex myoblasts (SMs) (Fig. 9K) as
well as the vulval and uterine muscles they generate (Fig. 9K, M, O).
The SMs laterally ﬂank the utse from L3 onwards and generate the
uterine and vulval muscles also known as the sex muscles (Fig. 9J, L,
N; Sulston and Horvitz, 1977). Since unc-53 expression was limited to
the SM lineage, we investigated the role of the SMs (and their
descendants, the uterine and vulval muscles) in utse development
via cell ablation. The SMs originate from the M cell, and migrate to
the uterine (Sulston and Horvitz, 1977). We ablated the M cell in the
L1 larval stage (Fig. 9P), and then observed the utse at L4. In the
absence of the SMs, the utse cell body exhibits abnormal morphology
and expands beyond its normal position (Fig. 9S, T, Table 1). Defective
utse development occurs in the absence of other genes localized to
the SMs, such as treatment the FGF receptor egl-15(RNAi) (78.9%
defect, n¼19), substantiating our hypothesis that the SMs play a role
in utse development. We conclude that the presence of the SMs or
their descendants are necessary to mediate signals to the utse.
Discussion
Our results identify certain cellular (Fig. 10) and genetic
requirements necessary for proper utse development. Using laser
cell ablation, we identiﬁed four cell types in the environment of
the utse that affect its development: the AC, ut1, ut2, and the SMs.
We show that genes involved in AC invasion have a secondary role
in promoting utse outgrowth. RNAi knockdown of two genes
expressed in the uterine toroids, rsef-1 and unc-73, show defects
in utse development. rsef-1 is a divergent Rab GTPase and we
found that several Rab GTPases affect utse development, indicating
that membrane trafﬁcking may play a crucial role. Our results also
show that rho-1, unc-13, and unc-64 potentially act downstream of
unc-73. We also see that unc-53 plays a role in utse development
through the SMs, and that the presence of SMs are necessary to
maintain utse morphology.
Cell fusion and utse development
This study addressed the extent to which external cells affect
the utse, and the role of cell fusion and subsequent internal signals
on utse development. Transmission of genetic material between
cells can change cell behavior, for instance cell fusion between
differentiated cells and embryonic stem cells can induce pluripo-
tency in the formerly differentiated cell (Tada et al. 2001).
Speciﬁcally, we found that the AC, which fuses with the utse
during L4, affects utse development. The AC nucleus is necessary
for utse development, and the AC invasion genes fos-1, cdh-3, egl-
43, him-4, zmp-1, and mig-10 promote utse cell outgrowth.
rsef-1 and external cues in utse development
Surrounding tissues are known to have an impact on a cell’s
behavior and development for instance, C. elegans dorsal muscle cells
express slt-1/Slit1 ligand to repel axons that express its corresponding
receptor sax-3/Robo, and the ventrally expressed unc-6/Netrin ligand
attracts axons that express its receptor unc-40/DCC/Frazzled (Killeen
and Sybingco, 2008). Though we have determined that rsef-1 and
unc-73 are expressed in the environment of the utse, we do not know
the cells in which they function to affect utse development. The
RASEF ortholog, rsef-1, is detectably expressed in the uterine toroids
and it could act in the uterine toroids, the utse or both.
Rab GTPses and vesicular trafﬁcking in uterine development
rsef-1 is computationally predicted to interact with other Rab
GTPases (rab-1 and rab-11.1) (Zhong and Sternberg, 2006). We
showed that the predicted interactors rab-1 and rab-11.1, and
several other Rab GTPases (rab-5, rab-6.2, and rab-10) are required
for proper utse development (Fig. 6, Table 2C). It is striking that we
observe defects for multiple Rabs, which has not been the case in
other C. elegans assays, suggesting that the utse development is
sensitive to perturbations in membrane trafﬁcking.
A potential role in the toroids could be that Rab GTPases are
active in the uterine toroids and trafﬁck cargo between the toroids
to the utse. These Rab GTPases may deliver guidance cues to the
utse that are necessary for development, or may deliver compo-
nents of the extracellular matrix (ECM) to the growing utse. In
some C. elegans tissues, Rab GTPase function has been found, but
the cargo that these GTPases are transporting has not been
identiﬁed. For instance, rab-6.2 promotes vesicular transport
necessary for grinder formation of C. elegans, yet its cargo is
unknown (Straud et al., 2013). However, the Rab GTPases could
also be transporting components of the extracellular matrix to the
utse. For instance, rab-11.1 has been characterized to deliver
cortical granules containing chondroitin proteoglycans to the
developing embryonic extracellular matrix (Sato et al., 2008).
Rab GTPases can also transport guidance cues for utse cell out-
growth. Wnts are well-known guidance cues for cell and neuronal
migration in C. elegans (Zinovyeva et al., 2008; Minor et al., 2013).
RAB-7 is required for trafﬁcking proteins that mediate Wnt
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Anchor cell invasion genes involved in utse development
cdh-3(RNAi) egl-13::gfp cdh-3(RNAi) cdh-3::mcherry
cdh-3 (RNAi) egl-13::gfp;cdh-
3::mcherry
egl-43(RNAi) egl-13::gfp egl-43(RNAi) cdh-3::mcherry
egl-43(RNAi) egl-13::gfp;cdh-
3::mcherry
him-4(RNAi) egl-13::gfp him-4(RNAi) cdh-3::mcherry
him-4(RNAi) egl-13::gfp;cdh-
3::mcherry
zmp-1(RNAi) egl-13::gfp zmp-1(RNAi) cdh-3::mcherry
zmp-1(RNAi) egl-13::gfp;cdh-
3::mcherry
fos-1(RNAi) egl-13::gfp fos-1(RNAi) cdh-3::mcherry
fos-1 (RNAi) egl-13::gfp;cdh-
3::mcherry
fos1a
cdh-3 zmp-1
him-4
anchor cell
cell nuclei
utse cell body
fos-1a::yfp, young adult 
egl-43::yfp, L4 lethargus 
gfp::him-4, L4 lethargus
zmp-1::NLS::gfp, late L4
cdh-3::mcherry, L4 lethargus
mig-10(RNAi) egl-13::gfp mig-10(RNAi) cdh-3::mcherry
mig-10(RNAi) egl-13::gfp;cdh-
3::mcherry mig-10b::gfp, L4 lethargus
egl-43L
mig-10
Fig. 6. AC invasion genes effects on utse development (A) Schematic of AC invasion genes. (B-D, F-H, J-L, N-P, R-T, V-X) utse cell body is marked with cdh-3::mcherry and nuclei are
marked with egl-13::gfp. (F,N,R) cartoons show wild-type utse nuclei positions. (B-D) fos-1(RNAi) treated worms. (B,D) when π cells were induced, nuclei cluster and cease migrating.
(C,D) cell body is misshaped. (E) fos-1a expression pattern, expressed in areas near the utse cell body at young adult (dashed lines show borders of expression). (F-H) cdh-3(RNAi)
treated worms. (F, H) shorter nuclear migration. (G,H) cell body is misshapen and shorter. (I) cdh-3 expression pattern, cdh-3::mcherry is expressed throughout the utse cell body. (J-L)
egl-43(RNAi) treated worms. (J, L) υ cell is boxed, limited υ cell formation. (K,L) cell body is misshapen. (M) egl-43 expression pattern. Faint expression in area around utse at L4
lethargus (dashed lines show borders of expression). (N-P) him-4(RNAi) treated worms. (N,P) shorter nuclear migration. (O,P) shorter cell body. (R) him-4 expression pattern, expression
in the basement membrane underneath utse. (R-T) zmp-1(RNAi) treated worms. (R,T) shorter nuclear migration. (S,T) shorter cell body. (U) zmp-1 expression pattern, expression at late
L4, localizes to υ cell nuclei. (V-X) mig-10(RNAi) treated worms. (V,X) misplaced and lower number of υ nuclei. (W-X) shorter and misshapen cell body. (Y) mig-10 expression pattern.
mig-10 localizes to utse (see dashed border) and uterine toroids (see arrow). Scale bar, 100 μm.
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secretion (Wntless, Wls) between the endosome and trans-Golgi
network which affects Wnt protein EGL-20 function (Lorenowicz
et al., 2013). RAB-10 is involved in trafﬁcking of glutamate
receptors (Glodowski et al., 2007) and glutamate receptors are
necessary for transducing signals for both proper neural cell
outgrowth (Beraldo et al., 2011) and migrating neural progenitor
cells (Castrén et al., 2005).
Trio, NAV and internal and external cues affecting the utse
The Trio RhoGNEF unc-73 affects utse development and is
expressed in the cell’s environment as well as within the utse.
Since we see unc-73 expression within the utse, unc-73 could lead
to the modiﬁcation of components of the ECM to promote proper
utse outgrowth. unc-73 is expressed within the Q neuroblasts and
promotes protrusion formation within these cells (Dyer et al. 2010)
through rearrangements of the actin cytoskeleton. unc-73 is also
expressed in the uterine toroids, and could be involved in the
secretion of guidance cues between the uterine toroids and the
utse. Evidence for this type of function has a precedent in unc-73’s
role in growth cone formation, for unc-73 increases the ability of
slt-1 (slit) and unc-6 (netrin) to inﬂuence posterior guidance cues
(Hu et al., 2011; Watari-Goshima et al., 2007).
unc-73 acts with unc-53 and unc-71 to guide SM migration in a
gonad-independent mechanism (Branda and Stern, 2000; Chen
et al., 1997). This led us to discover a new role for unc-53 in utse
development. Since unc-53 is solely expressed in the SMs, we
ablated the SMs to determine their role in utse development
and saw that they are necessary for maintaining proper utse cell
shape and size. Since the SMs and their descendants ﬂank the
utse, we propose that the SMs or their descendants secrete a cue
that helps maintain utse cell shape. One precedent for SMs
providing a cue to surrounding tissues is their role in providing
sources of Wnt to the vulval precursor cell P7.p (Minor et al.
2013). unc-53 is a homolog of the human neuronal navigator
genes NAV1, NAV2 and NAV3 (Maes et al., 2002), and promotes
guidance in muscle, excretory cells and neuron, albeit in a cell
autonomous manner (Stringham et al. 2002). Therefore, we
propose a new non autonomous role for unc-53 promoting utse
outgrowth via the SMs.
rsef-1 expression pattern
rsef-1 RNAi
WT L4 lethargus
rsef-1(RNAi) L4 lethargus
exc-9::gfp
rsef-1(RNAi) exc-9::gfp
lin-11::gfp
rsef-1 (RNAi) lin-11::gfp
rsef-1::gfp L4 lethargus
rsef-1::gfp young adult
Fig. 7. rsef-1 in utse development (A-F) utse cell body marked with exc-9::gfp and nuclei marked with lin-11::gfp. (A-C) Wild-type utse development. (A) wild-type L4
lethargus. (B) wild-type nuclear distance. (C) wild-type cell shape. (D-F) rsef-1(RNAi) treated worms. (D) problems in lumen formation in toroids (see asterisks). (E) reduced
nuclear migration. (F) reduced cell outgrowth. (G-J) rsef-1::gfp expression. (G) rsef-1 is expressed in the spermatheca at L4 lethargus. (H) rsef-1 is expressed in the uterine
toroids at young adult. Scale bar, 100 μm.
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Broad implications of identiﬁcation of utse genetic inputs
A variety of cell biological systems and disease models use
mechanisms that function in utse development. Several of the genes
identiﬁed, such as unc-73 and unc-53, are key growth cone regulators,
indicating that the utse could be used as a model to study genes
involved in neurite outgrowth. RabGTPases are well characterized in
several migratory systems, and the number of Rabs found in the utse
makes it an excellent system for studying these GTPases.
Since the utse and the synctiotrophoblast layer of the placenta
(Cross, 2000) are both syncytia, the utse can act as a potential
model to study morphogenetic movements in this system.
L4 lethargus rab-1::gfp young adult
nucleus 
ER 
Golgi 
vesicles 
cargo? 
rab-1 
early 
endosome 
rab-5 
recycling 
endosome 
rab-11.1 
rab-6 
rab-10 
rab-10 
 rab-5(RNAi) young adult  rab-5(RNAi) exc-9::gfp  rab-5(RNAi) L4 lethargus rab-5(RNAi) lin-11::gfp
rab-10(RNAi) L4 lethargus  rab-10(RNAi) exc-9::gfp  rab-10(RNAi) L4 lethargus rab-10(RNAi) lin-11::gfp
rab-6.2(RNAi) L4 lethargus  rab-6.2(RNAi) exc-9::gfp  rab-6.2(RNAi) L4 lethargus rab-6.2(RNAi) lin-11::gfp
rab-11.1(RNAi) L4 lethargus  rab-11.1(RNAi) exc-9::gfp  rab-11.1(RNAi) L4 lethargus rab-11.1(RNAi) egl-13::gfp
rab-1(RNAi) L4 lethargus rab-1(RNAi) egl-13::gfprab-1(RNAi) cdh-3::mcherry
rab-1(RNAi) egl-13::gfp;cdh-
3::mcherry
***
*
*
**
*
Fig. 8. RabGTPases in utse development (A,B) rab-1 expression patterns at L4 lethargus in the uterine toroids. (C) Schematic of RabGTPases involved in utse development.
(D-G) utse cell body is marked by cdh-3::mcherry and utse nuclei is marked by egl-13::gfp. rab-1(RNAi) treated worms (note rab-1(RNAi) treated worms grew three times
slower than wild type, worms were staged based on vulval morphology and size). (D) stage for E-G. Uterine toroid lumen formation has not occurred (see red asterisk). (E, G)
cell body is misshapen and no outgrowth has occurred. (F,G) nuclei have not migrated. (H-X) utse cell body marked with exc-9::gfp and utse nuclei are marked with lin-11::
gfp. (I,M,R) dashed red cartoon indicates wild-type utse shape (H-K) rab-5 (RNAi) treated worms. (H,J) stages for I and K were taken, respectively. Note in J, lumen formation
has not occurred (see red asterisk) and and in K, part of utse has detached (see yellow asterisks). I) cell body missing sections. (K) nuclei are faint (see red box). (L-O) rab-6.2
(RNAi) treated worms. (L,N) stages for M and O, respectively (M) cell body is misshapen. (O) shorter nuclear migration, nuclei contained in red box. (P-T) rab-10 (RNAi) treated
worms. (P,S) stages for R and T, respectively. Note in S, problems in lumen formation are present (see red asterisk). (R) cell body is misshapen. (T) nuclei are clustered. (U-X)
rab-11.1 (RNAi) treated worms. (U,W) stages for V and X, respectively. Bleb formed in cell membrane in U and defective lumen formation are present in W (see red asterisks).
(V) cell body is shorter and missing parts. (X) shorter nuclear migration. Scale bar, 100 μm.
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Extravillious trophoblast (EVT) tissue invades the synctiotropho-
blast and RhoA is necessary for migration of EVT (Nicola et al.,
2008). Here have shown that rho-1, a homolog of RhoA, is involved
in utse outgrowth, illustrating the potential to use the utse as a
model to study factors involved in placental development. Poor
placental formation can deplete the fetus of nutrition, causing
birth defects, and can cause in preeclampsia, indicating a need for
study of this tissue.
Metastatic cancers also use several of the mechanisms that
function in utse development. The unc-73 homolog Trio is involved
with the migration and invasiveness of glioblastoma cells (Fortin
et al., 2012) and in breast cancer cell metastasis (Li et al., 2011).
Alterations of NAV3 an ortholog of unc-53, are characteristic of
colorectal cancer cells (Carlsson et al., 2012) and certain Rab
GTPases are upregulated in ovarian and breast cancer (Cheng
et al., 2005). The utse grows outwards in a manner similar to that
of metastatic cancer cells (through rearranging its cytoskeleton
and changing from an ellipsoid to a linear shape.) Therefore, the
C. elegans utse may serve as a new model to understand the
normal function of genes implicated in metastatic cell behavior.
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